In this paper we report an experiment on the observation of the recoil-induced resonances (RIR) and electromagnetically induced absorption (EIA) of cold 87 Rb atoms in diffuse light. The pump light of the RIR and the EIA comes from the diffuse light in an integrating sphere, which also serves the cooling light. We measured the RIR and the EIA signal varying with the detuning of the diffuse laser light, and also measured the number and the temperature of the cold atoms at the different detunings. The mechanism of RIR and EIA in the configuration with diffuse-light pumping and laser probing are discussed, and the difference between the nonlinear spectra of cold atoms in a diffuse-light cooling system and in a magneto-optical trap (MOT) are studied.
In diffuse light, an atom with velocity v can resonate with the photons from the diffuse laser light, whose propagating directions distribute on an pyramidal surface which have the same angle θ with respect to v, and θ and v satisfies the resonate condition:
Although nonlinear spectra of cold atoms are widely studied in the optical molasses as well as in the MOT, they have been rarely studied in diffuse laser cooling system. In this paper, we report an experiment on the observation of the nonlinear spectra of cold the 780nm light. A spherical glass cell connected to an ion pump is set inside the integrating sphere. Inner diameter of the integrating sphere is 48 mm and the diameter of the spherical glass cell is 45 mm. Vacuum in the glass cell is about 10 −9 Torr. 87 Rb atomic vapor is filled in the spherical glass cell and is cooled by the diffuse laser light [9] .
The cooling laser is supplied by a Toptica TA100 laser system with total output power of ∼ 100 mW and line-width smaller than 1 MHz that is detuned red of the transition of cooling transition. Here ω c is the frequency of cooling laser, ω 0 is the transition frequency between 5 2 S 1/2 , F = 2 and 5 2 P 3/2 , F ′ = 3, and Γ = 6.056 MHz is the decay rate of the level 5 2 P 3/2 , F = 3. Detuning of the probe laser ∆ p = ω p − ω 0 is swept from −7.0Γ to 6.0Γ
with respect to the cooling transition by an AOM, where ω p is the frequency of the probe laser. The probe transmission signal is shown in figure 2 , which includes the absorption
transition near ∆ p = 0 and nonlinear spectra near
With the power of the cooling laser lights (36 mW) and the intensity of the probe laser beam (∼20 µW/cm 2 ) stable, we change the ∆ c to other values to measure the nonlinear spectra as well as the number and the temperature of cold atoms varying with ∆ c . Figure 3 shows the signal of the nonlinear spectra vs ∆ p with different ∆ c . The detuning of the probe laser ∆ p is swept from −4.5Γ to −0.5Γ. Figure 4 gives the number and the temperature of Total power of the two injected cooling laser beams into the integrating sphere is ∼ 36 mW, and the intensity of the probe laser beam is ∼20 µW/cm 2 . cold atoms vs ∆ c , which are measured with the same method used in our previous work [9] .
The temperature is measured from the TOF (time of flight) signal when the diffuse light is switched off. It requires that the probe laser beam is horizontally configured. ¿From Fig. 3 and Fig. 4 , we see that the amplitude of the nonlinear spectrum signal is proportional to the number of cold atom when the intensity of diffuse light and the probe light are fixed. The temperature values are below Doppler limit of the 87 Rb atom, which imply some sub-Doppler cooling process may happen in our experimental configuration. Figure 3 shows that the signal of nonlinear spectra appears always when the frequency of probe laser is near the frequency of cooling laser (the position that ∆ p ≈ ∆ c < 0), and when ω p − ω c < 0, the probe beam obtains a small amplification, whereas when ω p − ω c > 0, the probe beam is absorbed. The transmission signal of the probe beam is a sum of a derivative signal and a pure absorption signal. We can see that the transmission signal has a trend to separate the derivative signal from the pure absorption signal when ∆ c becomes a larger value.
The derivative signal comes from the RIR. It is the derivative of the line-shape related to velocity distribution of cold atoms. This spectrum was first theoretically predicted by Guo et al [10] and was experimentally observed in optical molasses [11, 12] . Figure 5 shows the scheme of RIR which happens only when the pump and probe beam are counter-propagating and the angle θ between the pump and the probe beam is very small. This is because the RIR is a two-photon process with stimulated absorbtion of a photon from pump/probe beam and stimulated emission of a photon to probe/pump beam. Thus the wave-vector of photon from pump beam (k c ), probe beam (k p ), the momentum of atom on x direction (p x ) and y direction (p y ) must obey the momentum and energy conservation, which gives the constraint
where m is the mass of the atom. Because p x and p y have the same Maxwell-Boltzman distribution, it can be proved from the constraint condition that when θ is large, the ab- effect become dominate at ω p > ω c . Because of the small-angle condition, the main contribution from diffuse light in the integrating sphere to the recoil-induced resonances is the light whose angles to the probe beam are small. That means the light before first-time reflection contributes little to the RIR signal. Another method can also be used to measure the temperature of cold atoms directly from the peak-to-peak separation of the RIR signal [13] , but such method can only obtain the temperature of the cold atoms which distribute within the probe beam. In our experiment, as shown in Fig. 2 , the two peaks of the RIR signal are separated by ∼ 500 kHz, corresponding to the temperature of 80 µK, which is within the error range of the measured result of TOF signal in Fig. 4 .
The pure absorption part in the nonlinear spectra is the signal of EIA [14, 15] , which requires that both of the ground and excited states have Zeeman sub-levels and the quantum number F e > F g . Diffuse pump light is quite suitable for the transfer of coherence (TOC) in the EIA to happen [16] . It is because the integrating sphere can randomize the polarization of diffuse laser light [17] , then the cold atoms can be pumped with all possible transitions by σ + , σ − and π lights. Here the absorption peak of the EIA signal is not on the exact position of ω p = ω c due to the light shift. The FWHM of the EIA signal generally equals to the decay rate due to time of flight in the probe beam, therefore with the same beam size of the probe light the FWHM should be smaller in cold atoms than in room-temperature atoms due to the much longer interaction time of cold atoms with the probe beam. However, in the experiment with room-temperature atoms there is buffer gas which is mixed into the atomic vapor to make atoms stay longer time in the probe area, so very narrow FWHM of EIA signal with 100 kHz order in the room-temperature can be observed [14, 15] . The 
